Our goal was to establish a time of day and(or) interval from feeding that would avoid the refractory period after a somatotropin ( S T ) surge and optimize the responsiveness of horses to ST secretagogues. Two experiments were conducted with eight geldings conditioned to consume grain at 0800 and 1600 daily. In Exp. 1, during a 24-h period, these geldings averaged 3.2 ± .3 pulses of ST with peak amplitude of 4.2 ± .4 ng/mL, pulse duration of 55 ± 6 min, and interpeak interval of 400 ± 57 min. No ST peaks occurred within 2 h after either grain feeding. In Exp. 2, eight geldings were given 50 mg of STreleasing factor (STRF) at 0800. Two geldings that had a pulse of ST between 0700 and 0800 failed to respond to STRF, but the other six responded with a pulse of ST at 37 ± 3 min; peak amplitude was 4.6 ± 2.2 ng/mL and duration was 123 ± 25 min. Experiments 3 and 4 were with mares aged 20 to 26 yr and conditioned to be fed grain at 0800 daily. In Exp. 3, blood was sampled for 8 h beginning at 0500. Seven of the eight mares had a ST pulse in progress at 0500.
Introduction
Somatotropin ( ST) is secreted episodically in horses (Thompson et al., 1992; Stewart et al., 1993; DePew et al., 1994) and all other species examined, including birds (Harvey et al., 1995) . This episodic pattern may reflect an ultradian rhythm that is entrained by a circadian rhythm, which may be set by zeitgebers such as light/dark cycle (e.g., rats; Fukuko and Tsai, 1984) . However, circadian changes in ST release have not been observed in meal-fed foals or lactating mares (Cahill and Hayden, 1989; Davicco et al., 1993) , and we know of no reports of 24-h profiles of ST in nonlactating adult horses conditioned to be meal-fed at a specific time of day.
Alternatively, pulsatile ST release can be affected by and(or) the underlying ultradian rhythm can be entrained by external events such as meal feeding (cattle; Moseley et al., 1988) or phase of sleeping (humans; Takahashi et al., 1968) . However, episodes of ST release were not associated with feeding in mares or stallions after a 19-h period of feed deprivation . Similarly, Sticker et al. (1995) reported no consistent pattern of ST secretion before or after feeding in an experiment to determine the effects of restricted amounts of protein and(or) energy. In contrast, Christensen et al. (1997) reported a ST pulse immediately after refeeding in geldings that were without feed for 48 h.
Anticipating future research aimed at improving the well-being of horses by managing ST release, the present research was to establish a time of day and(or) interval from feeding that would avoid the refractory period that normally follows a surge of ST, and thereby improve the ST response to secretagogues in adult and aged horses. Two mechanistically distinct ST secretagogues were tested, somatotropin-releasing factor ( STRF) and a nonpeptidal ST secretagogue . These represent analogues of natural secretagogues that stimulate ST release through different pathways (Conley et al., 1995; Chang et al., 1996) .
Materials and Methods
Experiment 1: Pulsatile ST Release During a 24-Hour Period. To determine the pattern of ST release under natural photoperiod in mid-September, eight Standardbred geldings aged 7 to 21 yr were conditioned for 6 wk to consume .7 to .9 kg/d of grain mix (Omolene 100, Purina Mills, St. Louis, MO) at 0800 and at 1600. Water, salt, and hay were available for ad libitum intake. Jugular catheters were inserted the afternoon before sampling. Blood samples were taken every 20 min for 24 h from 1000 to 0940. A photographic safe light enabled sampling during hours of darkness.
Experiment 2: ST Response to STRF. The eight geldings in Exp. 1 were used in this study and fed as in Exp. 1. This study was conducted in October under natural photoperiod to determine the ST response to STRF (GHRF 1−29 , Hoffman LaRoche, Nutley, NJ). Horses were fitted with jugular catheters on the previous day at 1300, all feed was removed at 0600, and blood was sampled at 30-min intervals until 0800, when 50 mg of STRF was given i.v. (in a 15-s bolus) in 5 mL of saline (with two drops of ethanol as recommended by the manufacturer). Blood was sampled at 2. 5, 5, 10, 20, 30, 40, 50, 60, 80, and 100 min and at 2, 3, 4, 5, 6, 12 , and 24 h after STRF. Horses were refed at 2000, after the 12-h sample. Meal-Fed, Aged Mares. Because the well-being of aged mares is one of our long-range objectives, the last three experiments were conducted with eight mares aged 20 to 26 yr. This experiment was conducted to determine the pattern of ST release in aged mares before and after feeding. Mares were housed in box stalls from 1530 until 0830 with lights off at 1700 and on at 0430 so that variations in lighting would not affect the outcome; at 0430, an attendant mingled with and handled the mares. Before and during the study, mares were fed 1.8 to 2.2 kg of grain mix (Omolene 100) once daily at 0800 and enclosed in a drylot with hay, salt, and water available for ad libitum consumption from 0830 to 1530. After 17 d on this schedule, mares were fitted with jugular catheters, retained in their stalls overnight, and blood was then sampled at 20-min intervals from 0500 to 1300.
Experiment 3: Pulsatile ST Release in
Experiment 4: ST Response to STRF. This experiment was to test the responsiveness of mares to STRF given at 0700 or 1300. The same eight mares and the same feeding, housing, and lighting protocols were used as in Exp. 3. After 10 d on this schedule, blood was sampled from four mares at 20-min intervals from 0500 to 0700 ( 1 h before feeding), when 50 mg of STRF was injected i.v. in 5 mL of ethanolic saline. Blood was then sampled at 10-min intervals until 1400 and at 20-min intervals until 1100. For the other four mares, blood was sampled at 20-min intervals from 0500 to 1300, when 50 mg of STRF was given. Blood was then sampled at 10-min intervals for 1 h and then at 20-min intervals until 1700.
Experiment 5: ST Response to a Non-Peptidal
Secretagogue. This experiment was conducted to test the ST response to a secretagogue given to aged mares fed twice daily to simulate normal feeding practice. Nine mares aged 20 to 26 yr under natural photoperiod in January were fed grain (.9 ± .1 kg Omolene 100) and mixed alfalfa-grass hay at 0800 and 1500. Blood was sampled at 20-min intervals beginning at 1100 until 1200, when each mare was given (i.v.) a control injection of 5 mL of saline to test whether the injection routine triggered a surge of ST. Blood was sampled at 15-min intervals from 1200 to 1300 when a nonpeptidal ST secretagogue ( STS; L-163,255, Merck Research Laboratories, Rahway, NJ) was administered i.v. at 0, 1, or 5 mg/kg (three mares per dose) in 5 mL of saline. These doses were chosen on the basis of published experience in swine . To be certain not to miss ST surges while minimizing risks associated with blood sampling, blood was sampled at 10-min intervals from 1300 to 1400, and at 15-min intervals from 1400 to 1600.
Blood Plasma and ST RIA. Heparinized blood was stored on ice until plasma was harvested after centrifugation at 1,920 × g ( 4°C ) for 10 min. Plasma was stored at −20°C until ST was quantified by RIA as described by Christensen et al. (1997) . In brief, 500 mL of recombinant equine ST standard or sample plus buffer were combined with 50 mL of 1:7,000 pig antiporcine ST in normal guinea pig serum and 50 mL of non-inhibitory horse serum. Samples were incubated for 3 d before adding [ 125 I]equine pituitary ST. Twenty-four hours later, we added 50 mL of goat anti- guinea pig serum (1:16 dilution). Samples were centrifuged 48 h later, and the radioactivity was determined in the precipitate.
Statistical Analyses. Baseline ST, and the number, amplitude (ST peak minus basal ST), and duration of ST pulses, the interval from treatment with a secretagogue or feeding to ST pulse peak, and the interval between adjacent ST pulse peaks were determined with a pulse detection algorithm (PCPulsar; Merriam and Wachter, 1982) . For Exp. 4, a one-way ANOVA was used to compare the ST responses induced by STRF treatment at 0700 with those induced by STRF at 1300. For Exp. 5, the responses to the STS were analyzed with a one-way ANOVA.
Results
Experiment 1: Pulsatile ST Secretion During a 24-Hour Period. Pulsatile ST secretion was evident in all eight geldings (see Figure 1 for profiles from two representative geldings). Pulsar analysis indicted that there were 3.2 ± .3 (mean ± SEM) pulsatile secretory episodes of ST during the 24-h sampling period, ranging from two to five for each gelding. Basal ST was 1.3 ± .2 ng/mL, pulse peak amplitude was 4.2 ± .4 ng/mL, interpeak interval was 400 ± 57 min, and pulse duration was 55 ± 6 min. Figure 2 illustrates the peaks for all 26 pulses detected in this experiment, the time of day for each peak, and the intervals from grain feeding to ST peaks. There were no apparent circadian changes in circulating concentrations of ST except for peaks before feeding. Inspection of the data in Figure  2 reveals an array of peaks from 2000 to 0700, mostly during the hours of darkness, and another set of seven peaks between 1400 and 1500 (within 1 h before the afternoon feeding). No peaks occurred within 5 h after the 1600 feeding, none for 2 h after the 0800 feeding, and none between 1200 and 1300. In contrast, seven of the eight geldings showed a peak of GH within 2 h before the 1600 feeding, and the same seven had a peak within 3 h before the 0800 feeding the following morning. The geldings with no peaks associated closely with feeding had peaks at 2120, 0360, and 0460, all during complete darkness.
Experiment 2: ST Response to STRF. The same eight geldings were deprived of feed during the 8-h sampling period for Exp. 2. Basal ST averaged 1.1 ± .1 ng/ mL before STRF challenge and did not change during the 8-h sampling period (Table 1 ). Although two geldings that had a ST pulse during the 1 h before treatment failed to respond, each of the other six geldings responded to STRF with a pulse of ST (Figure 3) , which occurred at 37 ± 3 min after treatment, had a peak amplitude of 4.6 ± 2.2 ng/mL, and had a duration of 123 ± 25 min. After the STRFinduced pulse, a second ST pulse was detected in each of these six geldings 158 ± 36 min later with a peak amplitude of 6.2 ± 1.0 ng/mL. The characteristics of the ST pulse induced by STRF should not be compared with that 158 min later because the intervals between blood samples was 10 min for the former and 1 h for the latter. Exp. 3 was designed to determine whether ST pulses are predictable in aged mares conditioned to consume grain once daily at 0800. Basal circulating concentrations of ST averaged 1.3 ± .2 ng/mL. A total of 12 ST peaks occurred during the 8-h observation period (Figure 4) . The ST peak amplitude and duration were 1.6 ± .3 ng/mL and 125 ± 23 min, respectively. A pulse of ST was in progress at 0500 (the first sample) in seven of the eight mares, and the other mare had a peak at 0800. A second peak was detected in three mares and a third peak in one mare during the 8-h sampling period. All eight mares had basal ST from 0600 to 0700 and again from 1000 to 1300 (the final blood sample). Three ST peaks were detected within 2 h after the 0800 grain feeding at 0820 and one at 0940. In addition, another ST peak was detected at 0800. Figure 5 shows mean responses in the seven mares that responded to STRF. Three of the four mares given STRF at 0700 and all four given STRF at 1300 responded with a pulse of ST (Table 2) . Among the mares responding, neither basal ST (2.0 ± .5 min), interval from STRF to ST peak (20 ± 5 min), nor ST peak amplitude (12.7 ± 9.5 ng/mL) differed for the mares given STRF at 0700 from those treated at 1300 ( P > .20). However, there was a tendency for the duration of the ST peak after the 0700 treatment to be greater than that after the 1300 treatment (93 ± 7 vs. 45 ± 6 min, respectively; P < .10). Among the four mares given STRF at 0700, there were no ST peaks between 0600 and 0700, and none from 0900 to 1100 (the final blood sample). Among the four mares given STRF at 1300, there were no ST peaks from 0940 to 1300, and none from 1400 to 1700 (the final blood sample).
Experiment 5: ST Response to a Nonpeptidal Secretagogue.
One mare had a pulse (4.3 ng/mL) at 1200, 1 h before STS was given at 5 mg/kg, but no other mare had a pulse of ST from 1100 to 1300 when the STS treatments were given. Basal ST for these nine mares was 1.3 ± .2 ng/mL. Therefore, the act of administering a control injection of saline at 1200 did not provoke ST release (Figure 6 ). Two controls given 0 mg of STS had a pulse of ST, both at 1500, 3 h after the control injections, nearly 2 h after the ST responses to STS. The ST responses of the mares given STS at 1 mg/kg did not differ ( P > .20) from those of mares given 5 mg/kg (Table 3 ; interval from STS injections to peak ST = 36 ± 4 min, ST peak amplitude = 24.0 ± 6.3 ng/mL, and duration of the ST pulse = 112 ± 9 min).
Discussion
The distribution in Figure 2 shows that 17 of the 26 ST peaks from 2100 to 0630 were during darkness or Table 2 . Characteristics of the pulsatile release of somatotropin in response to 50 mg of somatotropin-releasing factor (STRF) given i.v. at 0700 or 1300 (n = 3 or 4); mares were fed at 0800
a Mean ± SEM.
Interval Peak Peak STRF Basal, to peak, amplitude, duration, given at ng/mL min ng/mL min 0700 2.6 ± .7 a 20 ± 5 19.3 ± 12.6 93 ± 11 1300 1.9 ± .4 20 ± 4 7.8 ± .4 45 ± 6 very early morning hours. However, we are reluctant to attribute this to circadian influences, because neither Cahill and Hayden (1989) nor Davicco et al. (1993) found any evidence of circadian rhythm of ST pulses in foals or lactating mares. The data in Figure  2 are consistent with an inhibition of ST release after feeding, or with ST release in anticipation of feeding, because no ST peaks were detected during the 5 h after the 1600 grain feeding or for at least 2 h after the 0800 grain feeding. This too was unexpected, because neither Thompson et al. (1992) , DePew et al. (1994) , nor Sticker et al. (1995) reported any association of ST pulses with the time of grain feeding in mares or in stallions.
In contrast to the previous data for mares and stallions, the results of Exp. 1 resembled those for meal-fed calves (Moseley et al., 1988) . Therefore, Exp. 2 was designed to test the apparent association of ST pulses with grain feeding. We speculated that if geldings had no ST pulses after 0700, they would respond consistently to STRF given at 0800. Even though two of the eight geldings with a pulse of ST during the hour before STRF was given failed to respond, each of the other six responded with a ST pulse as anticipated. The amplitude and duration of these STRF-induced pulses resembled those that occurred naturally in the same eight geldings in Exp. 1. We speculated that one might expect a more consistent response to ST secretagogues if the treatment were given later, after the time of grain feeding, to avoid the end of any refractory period following the ST pulses that occurred shortly before feeding. There have been reports of decreased responsiveness to ST due to down-regulation or desensitization of STRF receptors (Bilezekjian et al., 1984) or to depletion of ST stores (Richardson and Twente, 1988) . However, there is no evidence that STRF reduced responsiveness in other species (e.g., cattle; Enright et al., 1986 Enright et al., , 1987 .
Experiment 3 was designed to determine whether aged mares have a similar tendency toward ST pulses before feeding and not after feeding when they were given their grain once daily. We were surprised to find that seven of the eight mares were in the midst of an ST pulse at the time of the first blood sample at 0500, approximately .5 h after the outset of the daily period of illumination. Even though this result may reflect circadian rhythm, it may also reflect handling the mares before the first blood sampling at 0500. In agreement with the results of Exp. 1, none of these eight mares had a ST pulse during the period from 0600 to 0700 and none had a pulse from 0930 to 1300, 1.5 to 5 h after feeding.
The results of Exp. 3 led us to compare the ST responsiveness of mares fed grain once daily at 0800 and given STRF at 0700 or at 1300 in Exp. 4. As in Exp. 3, four mares had a pulse of ST at 0500, the time when handlers obtained the first blood sample. Nevertheless, three of four given STRF at 0700 responded with a ST pulse, and the other four all responded with a pulse of ST when given STRF at 1300. These results suggest that ST secretagogues provoke the most repeatable responses when given before the anticipated time of a pulse of ST.
In the present study, the ST response to STRF was not markedly affected by the time of feeding. This is in contrast to the situation in sheep, which show a marked reduction in the ST secretory response to STRF following feeding (Trenkle, 1989) . Similarly, sheep given infusions of either insulin or free fatty acids were less responsive to STRF, because of increased somatostatin release (Sartin et al., 1988) .
The responses of our horses to STRF seemed to have been inhibited when STRF was given within 1 h after an endogenous episode of ST release. This agrees with observations in ruminants (Moseley et al., 1988) , in which a larger and more consistent response to STRF was observed during the trough between peaks, and in rats, in which a larger response was found if the challenge coincided with the endogenous secretory episode (Tannenbaum et al., 1989 ).
There was no major difference in the ST response to STRF in aged mares in Exp. 4 compared to younger geldings in Exp. 2. In contrast, aged rats have reduced circulating concentrations of ST (Sonntag et al., 1980 (Sonntag et al., , 1983 Takahashi et al., 1987) , reduced ST responses to STRF (Sonntag et al., 1983; Ceda et al., 1986) , and fewer high-affinity pituitary STRF binding sites (Abribat et al., 1991) . Similarly in humans, ST secretion is reduced with aging (Finkelstein et al., 1972) .
Experiment 5 confirmed the conclusions from Exp. 4, but with a different ST secretagogue. None of the nine mares responded to control saline injections at 1200, although one seemed to have an endogenous episode in progress at 1200. All six mares fed once daily at 0800 and given the nonpeptidal STS at 1300 responded with clear ST pulses. We conclude, therefore, that 1300 is a useful time to challenge mares with ST secretagogues when mares are conditioned to be fed grain once daily at 0800.
Although our observations on the ST responses of geldings and mares to STRF were from separate experiments, they agree with previously published data (Thompson et al., 1992 Davicco et al., 1993; Stewart et al., 1993) that mares have lower basal ST and smaller ST peak amplitude than geldings. However, Stewart and Coy (1994) subsequently reported that adult mares failed to respond to STRH, and Thompson et al. (1994) had inconsistent results with geldings. We speculate that horses occasionally fail to respond to ST secretagogues when Figure 6 . Somatotropin (ST) response to a secretagogue (STS; Merck, L-163,255) given i.v. at 1300. The mares were fed grain at 0800 and 1500, and a control injection (i.v.) of saline was given to each mare at 1200. the secretagogue is given during a refractory period after a normal episode of ST secretion. The feeding/ secretagogue treatment protocol we have developed should optimize the responsiveness of horses in assays for ST secretagogues.
To our knowledge, this is the first report to demonstrate that horses release ST in response to the Merck STS, although a number of reports have been published testing these compounds in other species (reviewed by Smith et al., 1996) . These compounds offer the potential for oral bioavailability because they are nonpeptidal.
Implications
We suggest that geldings and mares can be conditioned through standardized feeding to have a period of 2 to 5 h with no somatotropin pulses after feeding. To avoid the refractory period that usually follows an episode of somatotropin secretion and increase the chances of a somatotropin response, horses may be trained to receive grain at 0800 and given an somatotropin secretagogue at 1300.
